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ABSTRACT
Establishing the relationships between recruitment indices and estimates of adult 
abundance using fishery-independent data continues to remain one of the principal 
challenges faced by fisheries scientists due to the lack of concurrent monitoring programs 
designed to target different life stages of the same species. In Chesapeake Bay, however, 
multiple, fishery-independent surveys currently monitor the relative abundance of YOY 
and adult fishes. Using the available data from these surveys, the relationships between 
estimates of relative abundance for young-of-year and adults of striped bass (Morone 
saxatilis), weakfish (Cynoscion regalis), and Atlantic croaker (Micropogonias undulatus) 
were examined. Year-class strength was reflected in subsequent estimates of age-specific 
adult abundance; however, the strength of the relationships varied greatly with age.
For all three species, the initial lack of significant correlations across all age classes 
indicated the need for improving the recruitment indices to more appropriately reflect 
YOY abundance. To ensure that the recruitment indices reflect patterns in abundance of 
YOY fishes, the following information was examined: assignment of the index period 
and strata and the distributional assumptions of the YOY catch data. For striped bass, a 
Bay-wide recruitment index appears to more accurately reflect year-class strength than 
the individual VA and MD recruitment indices. The recruitment indices for weakfish and 
Atlantic croaker improved when changes were made to the index period; however, 
further investigation is necessary to determine how depth influences the distribution and, 
ultimately, abundance o f these two species. Identifying the distribution of the YOY catch 
data from the VIMS juvenile ftnfish surveys is also critical for obtaining unbiased 
recruitment indices. Here, the striped bass and weakfish catch data were gamma 
distributed; whereas, the Atlantic croaker catch data were lognormally distributed. The 
application of the delta-lognormal distribution did not improve the recruitment indices for 
any of the species in this study.
An ageing study was conducted to determine if historically-defined length 
threshold values accurately distinguish YOY fish from older individuals in present day 
samples o f striped bass, weakfish, and Atlantic croaker collected from the juvenile finfish 
surveys. The length threshold value for striped bass was determined to be approximately 
30 mm too high. Although the current recruitment index for striped bass is not likely 
influenced by the small number of 1-year olds measured as YOY fish, reducing the 
length threshold value would ensure that only YOY fish are included in the calculation of 
the recruitment index. Further research is needed to determine if the length threshold 
values are appropriate for weakfish. For Atlantic croaker, length threshold values for the 
early portion o f the index period (May, June) were appropriate; whereas, values used for 
the latter half o f the index period (July, August) were too high, allowing for older 
individuals to be considered YOY based on their length. Consequently, the use of an 
earlier index period for Atlantic croaker would ensure that older fish are not being 
considered as YOY fish based upon their length.
xiv
CHAPTER 1
INVESTIGATING THE RELATIONSHIPS BETWEEN RECRUITMENT INDICES 
AND ESTIMATES OF ADULT ABUNDANCE FOR STRIPED BASS, 
WEAKFISH, AND ATLANTIC CROAKER
INTRODUCTION
Recruitment variability is a characteristic feature of fish populations (Sissenwine 
1984); therefore, an important area of research in fisheries ecology involves 
understanding the processes regulating recruitment variability (Houde 1987; Fogarty et 
al 1991; Dingsor et a l 2007). In general, recruitment refers to the number of individuals 
that reach a certain stage of the life cycle. Recruitment is often defined as the number of 
individuals that survive to become juveniles. Variations in recruitment and subsequent 
adult stock abundance are regulated by density-dependent and density-independent 
processes. Density-dependence can take the form of compensatory mechanisms such as 
increased levels of competition and predation at high fish densities (Dingsor et a l 2007). 
Density-independent processes are attributed to environmental factors that can directly or 
indirectly affect the physiology of fishes. For example, North et a l (2005) concluded 
that variability in abundance of juvenile striped bass (Morone saxatilis) in the Maryland 
portion o f Chesapeake Bay may be largely influenced by mean spring discharge and the 
number o f pulsed river flow events. Additionally, variations in recruitment of exploited 
fish populations are strongly coupled to their life-history strategies (Fogarty et a l 1991). 
For example, fish stocks with higher fecundity exhibit greater recruitment variability 
relative to other stocks of the same species (Rickman et a l 2000).
The stage during which year-class strength is established varies among species. 
Helle et a l (2000) concluded that indices of early juvenile abundance (approximately 3
2
months o f age) for Atlantic cod {Gadus morhua) are the earliest reliable indicators of 
year-class strength. The survival of Atlantic croaker (Micropogonias undulatus) to age-1 
is regulated by cold-induced overwintering mortality (Norcross 1983; Lankford and 
Targett 2001). Striped bass recruitment is predominantly controlled at the larval stage 
but has the potential to be regulated at the juvenile stage due to the effects of changes in 
instantaneous mortality and growth rates on recruitment to age-1 (Houde 1987). In 
general, small changes in growth or mortality rates during the early life of fishes (e.g., 
larval stages) may result in large differences in year-class strength (Houde 1987; Houde 
1989).
The potential for year-class strength regulation is the greatest for most species 
during the larval stage (Houde 1987). When year-class strength is established prior to the 
juvenile stage, estimates of relative abundance derived from surveys of young-of-year 
(YOY) fish populations presumably reflect year-class strength. For surveys targeting 
YOY fishes less than one year of age, year-class strength is assumed to be established 
prior to capture. To calculate an estimate of relative abundance of YOY fish, or a 
recruitment index, catch data reflective of a standard set of criteria (e.g. particular 
sampling locations and time periods) are required. A high recruitment index implies the 
occurrence of a strong year-class; likewise, a low index implies a weak year-class.
In general, recruitment indices are useful for forecasting trends in future stock 
abundance (Crecco et al. 1983; Bailey and Spring 1992; Helle et al. 2000; Axenrot and 
Hannson 2003; Hare and Able 2007). Goodyear (1985) identified the Maryland striped 
bass recruitment index as a strong indicator of year-class strength for striped bass in the 
Maryland portion o f Chesapeake Bay based on the ability of the recruitment indices to
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predict future landings of adults in Maryland commercial catches. Therefore, variations 
in recruitment can have important implications for management (Fogarty 1993) 
particularly for species, such as Atlantic salmon (Salmo salar), for which a recruitment 
index based on fry abundance may serve as an early indicator of total smolt production 
(Crozier and Kennedy 1995).
Patterns in the abundance o f YOY fishes tend to be reflected in subsequent adult 
stages for species such as American shad (Alosa sapidissima), striped bass, and Atlantic 
croaker (Crecco et al. 1983; Goodyear 1985; Crozier and Kennedy 1995; Niemela et al. 
2005; Hare and Able 2007). Previous studies on American shad identified significant 
correlations between recruitment indices and estimates o f virgin females during spawning 
runs four to six years later (Crecco et al. 1983). Due to a lack of fishery-independent 
data from marine and estuarine ecosystems, most studies have relied upon fishery- 
dependent data for estimates of adult abundance. For example, Hare and Able (2007) 
showed that spring YOY abundance of Atlantic croaker was correlated with estimates of 
adult (age-2) abundance derived from the 2005 stock assessment of Atlantic croaker. 
Evaluating the relationship between indices of relative abundance at different life stages 
using only fishery-independent data remains one of the principal challenges faced by 
fisheries scientists. Fishery-independent data are desirable because they present an 
unbiased estimate o f relative abundance. Yet, research has been limited due to the 
absence of concurrent monitoring programs designed to independently target various life 
stages of the same species. In Chesapeake Bay, however, multiple, fishery-independent 
surveys currently monitor the relative abundance of YOY and adult fishes. Using the 
available data from these surveys, I examine the relationships between estimates of
4
relative abundance for YOY and adults o f striped bass, weakfish (Cynoscion regalis), and 
Atlantic croaker.
CPUE as an index o f abundance
Catch-per-unit-effort (CPUE) data can be used as a measure of relative abundance 
under the assumption of a proportional relationship between CPUE and density. Catch is 
related to density and effort through the following relationship:
where C is the total catch in numbers, q is the catchability coefficient (generally assumed 
constant over time and space), or the fraction of the stock captured with one unit o f effort, 
E  is the amount of effort, N  is abundance in numbers, and A is the area in which the stock 
occurs (Gulland 1969). The equation is rearranged to obtain the following proportional 
relationship between CPUE, or catch rate, and density:
where /  is the index of relative abundance. According to this theory, changes in CPUE 
are proportional to changes in density. This assumption is expected to remain valid as 
long as q is constant.
Variability in estimates o f relative abundance is characteristic o f survey data and 
can be attributed to either measurement or process error. Measurement error, or noise, 
occurs as a result of within-survey sampling variability; whereas, process error occurs as 
a result of actual changes in abundance (Pennington 1985; Helser and Hayes 1995). For 
research surveys using one vessel, measurement error is reduced through standardization
(1)
CPUE = I  = q\ (2)
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of gear, optimal survey design, and appropriate estimation techniques (Chen et a l 2004). 
When a stratified random sampling design is employed, the use of stratification will 
improve precision when the variance among observations within each stratum is less than 
the variance of a random sample of observations from the entire sampling area (Hilborn 
and Walters 1992).
Catch rates, in general, are influenced by the availability and vulnerability o f a 
species and the selectivity o f the fishing gear. Availability is defined as the proportion of 
the stock occupying the survey area (Jennings et al. 2001). However, individuals 
available to the gear may not be equally vulnerable to capture because vulnerability 
depends on fish behavior. For example, net avoidance, depends on swimming speed 
which varies across species and sizes within species. On a broader scale, vulnerability 
depends on the life history characteristics of a species, such as individual growth rate and 
age at maturity, which collectively determine how populations respond to different levels 
o f exploitation (Jennings et a l 2001). Lastly, fishing gear targets and retains specific size 
or age classes, termed selectivity. Mesh size will control the size of the individuals in the 
catch by allowing smaller fishes to pass through the mesh while retaining larger fishes 
incapable o f avoiding the net.
Changes in gear efficiency can also influence estimates of relative abundance. 
Efficiency refers to the fraction of fish that encounter and are retained by the gear. The 
gear efficiency of a trawl net may change with tidal stage, tow duration, or as the 
geometry of the gear changes with depth or other factors (Jennings et a l 2001, Von 
Szalay and Somerton 2005). Efficiency o f trawl survey gear is assumed constant through 
time primarily because estimates are difficult to obtain. Although catch rates are
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influenced by availability, vulnerability, selectivity, and efficiency, it is often impossible 
to address these factors directly. Efforts must be taken to ensure that the recruitment 
indices reflect changes in fish density by concentrating on issues such as the temporal and 
spatial coverage o f the surveys and the appropriate methods for dealing with zero catches.
A considerable challenge to analyzing fishery-independent data involves the 
appropriate way to treat zero catches. The patchy distribution of fishes may cause a large 
proportion of catches to be acquired in a relatively few number of samples. In this case, 
the catch data are positively skewed due to the high frequency o f zeros or low catches. A 
commonly used approach is to log transform the data assuming the data came from a log­
normal distribution; however, because the log o f zero is undefined, a small constant value 
(e.g. 0.1 or 1) must be added to all catch data prior to transformation. This approach is 
unsatisfactory because the products, or indices of abundance, may be sensitive to the 
value of the constant which is usually chosen arbitrarily (Maunder and Punt 2004).
Identifying the distribution of survey catch data is critical for obtaining unbiased 
recruitment indices. Incorrect distributional assumptions that are made when developing 
standardized indices of abundance may lead to biased estimates of relative abundance 
(Terceiro 2003; Ortiz and Arocha 2004). Delta-lognormal distributions have been used 
to analyze fisheries datasets containing a large proportion of zeros and nonzero values 
that are log-normally distributed (Pennington 1983; Lo et al. 1992; Pennington and 
Stromme 1998; Ortiz et al. 2000; Ortiz and Arocha 2004; Carlson et al. 2007). In the 
past, delta-lognormal models have been applied to standardize commercial catches (Punt 
et al. 2000; Carlson et al. 2007); estimate finfish by-catch from commercial fisheries 
(Ortiz 2000; Ortiz and Arocha 2004) and estimate abundance from survey data
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(Pennington 1983; Pennington 1996). Alternatively, delta-gamma models, for which the 
nonzero values are gamma distributed, have also been used to analyze groundfish survey 
data (Stefansson 1996; Ye et al. 2001). The delta models treat zero and nonzero data 
separately; consequently, the product of the proportion of zeros and mean o f non-zero 
observations provides an estimate o f abundance (Lo et al. 1992). The delta-lognormal 
estimator is not robust to violations of the assumption that non-zero observations are log- 
normally distributed (Myers and Pepin 1990) implying that the delta-lognormal model 
should only be applied when the non-zero catch data are clearly log-normally distributed.
Chesapeake Bay Monitoring Programs
Chesapeake Bay is a critical nursery habitat for many recreationally and 
commercially important fishes. Surveys o f fish populations currently operate in both the 
Virginia and Maryland portions o f the Bay to monitor the abundance and distribution of 
juvenile fishes (Durell and Weeden 2007; Fabrizio and Tuckey 2008; Hewitt et al. 2008). 
The primary objective of the surveys is to estimate the relative abundance of YOY fishes. 
For economically important species, recruitment indices are derived annually and used as 
“tuning indices” in stock assessments designed to evaluate stock status.
Initiated in 1955, the VIMS Juvenile Fish Trawl Survey (hereafter referred to as 
the VIMS trawl survey) monitors the abundance of YOY finfishes on a monthly basis in 
the James, York, and Rappahannock Rivers (Fabrizio and Tuckey 2008). In 1988, 
sampling locations expanded to include the lower Chesapeake Bay (Figure 1). Estimates 
of YOY abundance are calculated annually for selected species. Each species is assumed 
to be fully recruited to the trawl gear during a 3-4 month window referred to as the ‘index
period,’ and the time o f year when this period occurs varies among species. Length 
threshold values are used to distinguish YOY individuals from older fish. The survey 
implements a stratified random sampling design such that stratification is based on depth 
and either latitudinal (Bay) or longitudinal regions (rivers). The number of individuals 
smaller than the length threshold values and collected during the index period is log- 
transformed using ln(x +1). Subsequently, means and variances are calculated for each 
stratum, and stratum means are combined into an overall mean according to the following 
(Cochran 1977):
y = Tw>.y>, O)
h=\
where y  is the overall stratified mean estimate, Wj, is the stratum weight (calculated 
according to stratum surface area), ~yh is the stratum-specific mean catch-per-tow of the 
log-transformed values, h is the stratum, and L is the total number of strata. The average 
catch rate, y  , is back transformed resulting in a geometric mean catch per tow using the 
following equation:
G M -= e J  (4)
For all species, the recruitment index is reported as a geometric mean because the survey 
catch data are currently assumed to be log-normally distributed; however, the validity of 
this assumption has not been examined since 1990 (Chittenden 1991).
The Virginia Juvenile Striped Bass Seine Survey (hereafter referred to as the VA 
seine survey) monitors the annual recruitment of striped bass from July to mid-September 
at fixed stations in the James, York, and Rappahannock Rivers (Figure 2) using a 1.2m x 
30.5m minnow seine (Hewitt et al. 2008). To investigate possible expansions of the
9
primary habitat for striped bass, the spatial coverage of the VA seine survey was 
increased in 1989 to include upriver and downriver auxiliary stations in addition to the 
existing index stations. However, striped bass data collected from the auxiliary stations 
are not currently incorporated into the calculation of the recruitment index. In the 
Maryland portion of Chesapeake Bay, the Maryland Department of Natural Resources 
(MD DNR) Striped Bass Seine Survey has been sampling continuously in the head of 
Bay region, and in the Potomac, Nanticoke, and Choptank Rivers (Figure 3) since 1954 
using the same gear (Durell and Weeden 2007). The overall objective of these seine 
surveys is to develop annual recruitment indices for YOY striped bass in the Virginia and 
Maryland portions of Chesapeake Bay. As before, the catch data are assumed to be log- 
normally distributed, and a logarithmic transformation of ln(x+l) is applied. 
Consequently, annual indices of abundance are reported as geometric mean catches-per- 
haul. Under the current protocol for the VA seine survey, the recruitment index is 
multiplied by a scaling factor of 2.28 to provide an ad hoc estimate that is comparable to 
the arithmetic mean (2.28 is the estimated ratio of the arithmetic mean to the geometric 
mean, calculated from historical data from the seine survey) (Austin et al. 1993). The 
scaling factor was originally included because of differences in the reported forms of the 
index, and because the “trigger” used by the fisheries management plan (FMP) for striped 
bass is based on an arithmetic mean; however, now that both states report the recruitment 
indices as geometric means, the scaling factor may no longer be necessary.
In addition to recruitment indices, estimates of age-specific adult abundance are 
necessary for evaluating the status of economically important fishes. Using a large-mesh 
bottom trawl, the Chesapeake Bay Multi-species Monitoring and Assessment Program
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(ChesMMAP) has been monitoring adult fishes in the Virginia and Maryland mainstem 
portions of Chesapeake Bay (Figure 4) on a bi-monthly basis from March to November 
since 2002 (Bonzek et al. 2007). Information generated from the survey includes: 
estimates of minimum trawlable abundance, length, weight, age, sex-ratio, and trophic 
interactions (Bonzek et a l 2007). The data provide vital information required for multi­
species stock assessments (Bonzek et al. 2007).
The ChesMMAP catch data are collected according to a stratified random 
sampling design where strata are defined by region and depth. Estimates of relative 
abundance are determined based on the following equation:
n
YA
N„ = (5)
n
where Ni, , is the average catch-per-area in stratum h, Ci is the total catch in tow i, a, is the 
product of the average net opening in tow i and the distance towed, and n is the number 
of tows in stratum h. Stratification is then employed such that:
(  L
N  = 1 'W„*N„
\ h = 1
A (6)
where N  is the overall minimum trawlable abundance, W is the weight o f the hth stratum 
(based on surface area), L is the total number of strata, and A is the total survey area 
assumed to be 6,000 km2 for the mainstem o f Chesapeake Bay. Because net efficiency is 
unknown, absolute population size cannot be estimated, and abundance estimates 
represent ‘minimum trawlable abundance,’ the minimum number (or biomass) of fish 
vulnerable to the gear in the sampling area.
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Species o f Interest
This research will focus on three species captured in high abundances by all 
finfish monitoring programs in Chesapeake Bay: striped bass, weakfish, and Atlantic 
croaker (Table 1). Furthermore, these species exhibit different reproductive strategies 
that influence their distributions and ultimately, abundance. Striped bass spawn in 
freshwater locations, weakfish are bay and coastal spawners, and Atlantic croaker spawn 
on the continental shelf Although striped bass and Atlantic croaker populations continue 
to remain stable under current management regulations mandated by the Atlantic States 
Marine Fisheries Commission (ASMFC), weakfish populations are considered depleted 
with an estimated spawning stock biomass that has declined steadily since 1998 (ASMFC 
2006).
Striped bass are anadromous fish belonging to the family Moronidae, and they are 
native to the east coast of the United States. Spawning in Chesapeake Bay occurs within 
the freshwater reaches of the tributaries where salinity is less than 1 ppt (McGovern and 
Olney 1996; North and Houde 2001). Commercial and recreational fisheries for striped 
bass are supported primarily from Massachusetts to North Carolina with the exception of 
Connecticut which does not support a commercial fishery (ASMFC 2007). The majority 
of striped bass removals occurs in Virginia and Maryland waters (including Chesapeake 
Bay) (Koo 1970; ASMFC 2007). Striped bass experienced a precipitous decline in 
abundance in the early 1980s followed by a recovery to record levels by the mid-1990s 
facilitated by moratoria imposed in Chesapeake Bay waters and stringent harvest 
regulations along the coast (Richards and Rago 1999). The recovery of striped bass is 
also attributed to characteristics o f its life history, including longevity and an extended
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reproductive lifespan, contributing to the resiliency o f populations during periods of poor 
recruitment (Secor 2000).
Weakfish are members of the family Sciaenidae and migrate annually from 
offshore overwintering grounds near Cape Hatteras to estuarine and coastal spawning 
locations along the Atlantic coast (Mercer 1985). Multiple age-0 weakfish cohorts have 
been identified in the York River (Szedlmayer et al. 1990) indicating that weakfish 
spawn several times from May through August in Chesapeake Bay (Lowerre-Barbieri et 
al. 1996). Weakfish are currently managed as a single stock (ASMFC 2006) despite 
some evidence of stock structure based on meristic and morphometric studies (Perlmutter 
et al. 1956; Shepherd and Grimes 1983). Using otolith geochemistry as a natural tag, 
Thorrold et al. (2001) concluded that weakfish along the eastern United States appear to 
exhibit spawning site fidelity to their natal estuary (coastal Georgia, Pamlico Sound, 
Chesapeake Bay, Delaware Bay, and Peconic Bay) although homing mechanisms in 
weakfish are not well understood.
Atlantic croaker are demersal sciaenids that are distributed in U.S. waters from 
New York to Florida and into the Gulf o f Mexico (Joseph 1972). The majority of 
commercial landings occurs between New Jersey and North Carolina with Virginia and 
North Carolina supporting the most dominant fisheries since 1960 (ASMFC 2006).
Adult Atlantic croaker migrate into Chesapeake Bay during spring months and emigrate 
to overwintering grounds along the continental shelf by late fall (Haven 1959). Spawning 
occurs as adults emigrate from Chesapeake Bay to the continental shelf (Morse 1980). 
Atlantic croaker have a protracted spawning season extending from July to February with 
peak spawning occurring in September (Nixon and Jones 1997), resulting in differential
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growth rates among YOY fish and large intra-annual variations in length-at-age (Barbieri 
et al. 1994). Atlantic croaker grow rapidly during their first year with lengths at age-1 
ranging from 90 to 170 mm (Ross 1988; Miller et al. 2003).
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JUSTIFICATION AND OBJECTIVES
The information used to develop recruitment indices requires verification to 
ensure that surveys monitoring YOY fish populations are providing the best available 
scientific information. Designation o f the index period, stratum assignment, and the 
distributional assumptions used to construct the recruitment indices for these species 
were last reviewed in the early 1990’s (pers. comm. C. Bonzek). In recent years, minimal 
effort has been directed towards evaluating the information used to construct recruitment 
indices derived from well-established fishery monitoring programs in Chesapeake Bay. 
Fishery-independent data on adult abundance are now available; therefore, it is possible 
to examine the relationships between recruitment indices and estimates of age-specific 
adult abundance. To date, no attempts have been made to determine if signals in year- 
class strength are reflected in subsequent estimates of adult abundance using fishery- 
independent data from Chesapeake Bay for both YOY and adult fishes. Striped bass, 
weakfish, and Atlantic croaker were selected for this study because they exhibit different 
reproductive aspects of their life histories which, in turn, influence their temporal and 
spatial use of Chesapeake Bay and its associated tributaries. I attempted to determine if 
the recruitment of YOY fishes as measured by the VIMS juvenile finfish surveys is 
ultimately influenced by the life history of a species. A longitudinal approach was used 
to examine data for a given cohort, or year class, as it ages to determine if patterns in the 
recruitment index persist. Strong statistical relationships between recruitment indices and
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estimates of adult abundance provided support for the current approaches and 
assumptions for calculating the indices. On the other hand, weak relationships 
necessitated further investigation (Figure 5). The results of this research were used to 
determine the most suitable information required for calculating a recruitment index from 
the juvenile finfish surveys for the selected species. This research was motivated by the 
following questions:
1) Are patterns in recruitment indices reflected in subsequent estimates of age-specific 
adult abundance?
2) If not, can the recruitment indices be improved as evidenced by stronger statistical 
relationships between the recruitment indices and estimates of age-specific adult 
abundance?
Objectives
1) Evaluate the relationships between recruitment indices and estimates of age-specific 
adult abundance provided by fishery-independent surveys for striped bass, weakfish, and 
Atlantic croaker.
2) Investigate the effects of modifications to the recruitment indices with the ultimate 
goal of developing modified recruitment indices that better reflect abundance of YOY 
fishes.
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METHODS
Objective 1
Simple linear regression models were used to examine the relationships between 
recruitment indices and age-specific adult abundance derived from Chesapeake Bay 
finfish monitoring programs (Figure 6). The number of age-classes of adults depended 
on the oldest age class for which sufficient catch data were determined to be available. 
Estimates of age-specific abundance from the ChesMMAP survey were assumed to be 
measured accurately. All analyses were conducted using SAS software (SAS version 9.1, 
SAS Institute 2002). The model for a simple linear regression is:
( O ,  = A  + *, (7)
where ( la) is the estimate of adult abundance obtained from the ChesMMAP survey for 
a given age, a, during the j lh year, fio is the overall mean, /3i measures the change in ( la)
per unit change in YOYj.a, which is the recruitment index for a given year class j-a, and e,- 
is the random error associated with the j th year. The following assumptions apply when 
using linear regression analysis: (i) the observations, ( la ) are independent and normally
distributed; (ii) 6j, are independent and normally distributed; (iii) the expected mean value 
of the error term is 0 and the variance is designated as a62; and (iv) variances are 
homogeneous.
To examine the strength of the relationship between estimates o f age-specific 
adult abundance and the recruitment indices, the Pearson’s product-moment correlation 
coefficient r, a derived statistic from simple linear regressions, was determined for each
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age class and species in the analysis. A statistical test based on the t-distribution was 
used to test the significance of the correlation coefficient. A sample size of six was used 
in this study because there are six years of ChesMMAP data available. For n = 6 and 4 
(n-2) degrees of freedom, the critical value o f r  in this analysis is t Cru  = 0.811 at an alpha 
level o f 0.05. Significant, positive correlations provided support for linear relationships 
between the recruitment indices and estimates of age-specific adult abundance. In this 
case, variations in the signal of year-class strength were detected during subsequent adult 
stages.
The lack o f a significant correlation for some age classes indicated no discernable 
linear relationship between the recruitment index and age-specific adult abundance. One 
potential reason for this is that the recruitment indices may not be representative of 
underlying abundance. Lack of representation may be caused by the inappropriateness of 
the information used to derive the recruitment indices such as the index period and 
stratum assignment or the distributional assumptions o f the catch data.
Objective 2
The species-specific information required for deriving recruitment indices was 
evaluated for striped bass, weakfish, and Atlantic croaker. In situations where significant 
relationships between the recruitment indices and estimates of adult abundance were not 
detected, attempts were made to develop modified recruitment indices to improve the 
relationships. To determine if the current information is still appropriate, I developed 
modified recruitment indices for striped bass by: 1) combining the VA and MD indices 
and including data collected from auxiliary stations and 2) examining alternative
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distributional assumptions. I developed modified recruitment indices for weakfish and 
Atlantic croaker by: 1) considering catch data associated with different index periods 2) 
restricting the use of catch data from certain depths and 3) examining alternative 
distributional assumptions. Lastly, length threshold values used to distinguish YOY 
individuals from older fish were also evaluated (see Chapter 2). After re-calculating the 
index, I determined if the modified index provided a better indicator of subsequent adult 
abundance.
Defining the index period
The current index period used to derive recruitment indices from the VIMS trawl 
survey remains constant from year to year. However, the temporal and spatial utilization 
of Chesapeake Bay as a nursery habitat for YOY fishes may vary interannually. These 
variations may be attributed primarily to environmental drivers, changes in habitat 
quality, or changes in trophic level interactions, among other factors.
I developed a set of qualitative hypotheses based on the life history characteristics 
of each species to structure the modified recruitment indices. Currently, an index period 
of August -  October is used for weakfish. I hypothesized that the recruitment index for 
weakfish would improve if November was included as an index month because YOY 
weakfish are still captured in relatively high abundance by the VIMS trawl survey in 
Chesapeake Bay during November. To investigate this, I explored the addition of the 
month of November to the index period for weakfish (Table 2a). The current index 
period for Atlantic croaker is May -  August. Because year-class strength is established 
by the spring of the first year due to cold-induced overwintering mortality (Norcross
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1983; Lankford and Targett 2001), I hypothesized that an earlier index period, excluding 
the summer months, may more appropriately reflect abundance of YOY Atlantic croaker 
(Table 2b) because YOY fish are captured in relatively high abundances during the 
months of May and June. Therefore, I defined the modified index period to include the 
months of either April -  May or April -  June. Subsequently, I re-examined the 
relationships between the modified recruitment indices and estimates of age-specific 
abundance to determine if the modified indices provided a better indicator of subsequent 
adult abundance.
Defining the strata
The current strata used to derive recruitment indices from the VIMS trawl survey 
do not vary interannually. However, spatial distributions of YOY fishes in Chesapeake 
Bay may not be constant over time. Because striped bass recruit to tributaries throughout 
Chesapeake Bay (Olney et al. 1991; Rutherford and Houde 1995; Durell and Weeden 
2007; Hewitt et al. 2008), I hypothesized that a Bay-wide recruitment index, in contrast 
to state-specific recruitment indices, would provide a better indicator of subsequent adult 
abundance. The Bay-wide index was derived as the sum of the VA and MD recruitment 
indices (Table 3). Additionally, the inclusion of YOY striped bass data collected from 
auxiliary stations was considered to investigate the effects of data collected from these 
stations on the VA recruitment index. In this study, the scaling factor was not used to 
calculate the VA striped bass recruitment index.
Previous research has demonstrated that depth, in addition to other environmental 
variables, may influence the abundance of YOY weakfish in Chesapeake Bay (M.
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Fabrizio, unpubl. data). I hypothesized that depth may influence the distribution of YOY 
weakfish and Atlantic croaker in Chesapeake Bay, and therefore should be considered 
when developing a recruitment index. YOY weakfish have been shown to exhibit a 
preference for waters with salinities less than 20 ppt, and YOY Atlantic croaker have 
been shown to exhibit a preference for waters with salinities less than 18 ppt (Haven 
1957). Based on the salinity preferences of these two species, I hypothesized that catch 
data from the rivers only could be used to develop a recruitment index for weakfish and 
Atlantic croaker. To determine if the strata that are currently used are defined 
appropriately for weakfish and Atlantic croaker, I evaluated the influence of depth and 
river system on the recruitment index for these species (Tables 2a and 2b). For weakfish, 
and Atlantic croaker, the recruitment indices are based on catch data from all depth strata 
and all systems, including Chesapeake Bay. Subsequently, I re-examined the 
relationships between the modified recruitment indices and estimates of age-specific 
abundance to determine if  the modified indices provided a better indicator of subsequent 
adult abundance. Lastly, because abundance estimates derived from ChesMMAP for 
weakfish and Atlantic croaker tend to be dominated by catches in VA portions of the 
Bay, I determined if VA only catches are more appropriate than Bay-wide catches for 
reporting estimates of age-specific adult abundance for these two species.
Distributional assumptions
A large proportion of zero catches is frequently encountered in fishery- 
independent catch data, including the VIMS juvenile finfish surveys. Data from the 
VIMS juvenile finfish surveys are currently assumed to be log-normally distributed. To
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evaluate the distribution of the catch data from the juvenile finfish surveys, the following 
candidate distributions were examined based upon their usefulness for modeling fishery- 
independent catch data (Table 4): normal, Poisson, gamma, negative binomial, and 
lognormal (Cadigan and Myers 2001; Jiao and Chen 2004). Maximum likelihood was 
used to fit five different probability density/mass functions to the catch data for each 
species. An information theoretic approach was then used to select the most appropriate 
distribution among the candidate set (Burnham and Anderson 2002) for each year (striped 
bass) or stratum (weakfish, Atlantic croaker). Akaike’s Information Criterion (AIC) has 
been used effectively for identifying the underlying distributions o f fisheries data (Dick 
2004) and medical data (Lindsey and Jones 1998). However, AIC selects the best of the 
competing models and does not necessarily identify the true distribution (Burnham and 
Anderson 2002; Dick 2004).
To allow for sufficient sample sizes for weakfish and Atlantic croaker, the 
distributions were fitted to stratum-specific catch data that were collapsed across the 
years 1993-2007. Including the bias correction term for small sample sizes, Akaike’s 
Information Criterion (AICc) was calculated as:
AICc = -2 *  In(1(9)) + 2K  + 2K(K  + Y> (g)
n - K  -1
where /(0) is the value of the maximized likelihood from the probability density/mass 
function of the fitted distribution, K  is the number of parameters, and n is the sample size 
(Burnham and Anderson 2002). Models were compared using AAICc, where Is.AICc is the 
difference between the AICc values for each distribution and the AICc value for the 
distribution with the smallest AICc. Distributions with tsAICc values from 0-4 were 
strongly supported (Burnham and Anderson 2002). Akaike weights were calculated to
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represent the relative weight of evidence for the ith model given the set of candidate
models (Burnham and Anderson 2002). Akaike weights were calculated and reported as:
value for all models considered, and R is the number of candidate models (Burnham and 
Anderson 2002). If the results of the AICc analysis indicated that the catch data were log- 
normally distributed, then the geometric mean was confirmed as the appropriate form o f 
the recruitment index. However, if an alternative distribution was selected as the 
preferred distribution, then the measure of central tendency for the selected distribution 
was used to calculate the recruitment index (Table 4). Graphical comparisons were also 
made to examine the patterns in the recruitment indices when the index was expressed in 
different forms.
To examine the influence of zero catches on the recruitment index calculation, 
recruitment indices were developed using a delta-lognormal distribution. The delta- 
lognormal distribution accounts for the proportion of zero and nonzero catches 
separately. The catch data from the nonzero tows is log-transformed, and the average 
catch rate is determined. The delta-lognormal estimate of the mean is the product of the 
two components (Aitchison and Brown 1957):
where p  is the proportion of nonzero tows, n is the total sample size (number of tows, 
including zero catches), n\, is the non-zero values, and x, is the catch data from the
(9)
thwhere A/ is the difference between the AICc value for the i model and the smallest AICc
( 10)
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nonzero tows. The underlying assumption of this model is that the nonzero values follow 
a lognormal distribution. AICc values were calculated and used to select the most 
appropriate distribution (Table 4) for the non-zero catches (Burnham and Anderson 
2002). For cases in which the positive catch data were lognormally distributed, the delta- 
lognormal distribution was applied. Estimates of age-specific adult abundance were then 
regressed against the modified delta-lognormal recruitment indices. Improvement in the 
relationships between the recruitment indices and estimates of age-specific adult 
abundance indicated a preference for the delta-lognormal distribution.
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RESULTS
Striped Bass
Simple linear regressions were constructed for seven age classes using the 
original VA and MD recruitment indices. Initially, the abundance data for 3 of 7 age 
classes (ages 1, 3, and 6) exhibited significant correlations using the VA striped bass 
recruitment index (Figure 7), and 5 of 7 age classes exhibited significant correlations 
using the MD striped bass recruitment index (Table 5). Recruitment indices for which 
abundance at a later age was significant suggest that during years of low recruitment, 
estimates of age-specific adult abundance will be lower than years when the recruitment 
index is high. The results signify the reliability of some measurements of striped bass 
abundance at different life stages by the VIMS finfish surveys.
A recruitment index based on YOY abundance in VA and MD combined (Bay- 
wide index, Index 1) exhibited significant correlations with all age classes o f striped bass 
except age-2 (Table 5). Significant correlations were obtained for 5 of 7 age classes 
when YOY catch data collected from auxiliary stations were incorporated into the VA 
recruitment index and were subsequently combined with the MD index. Thus, 
incorporating YOY catch data from VA auxiliary stations in the recruitment index does 
not appear to provide a better indicator of subsequent adult abundance relative to the 
Bay-wide index. Although the majority o f catches of adult striped bass are obtained by
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ChesMMAP in the MD portion of the Bay, estimates of adult abundance should also be 
considered on a Bay-wide scale (Table 5).
The distributional assumptions do not appear to directly influence the relationship 
between the recruitment indices and estimates of age-specific adult abundance for striped 
bass. Based on graphical comparisons, the patterns observed in the recruitment indices 
were the same irrespective of the distributional assumptions (Figure 8). The gamma 
distribution was selected as the preferred distribution for the YOY striped bass catch data 
(Table 6). The nonzero catch data were log-normally distributed (Table 7), however, the 
recruitment index developed using a delta-lognormal model did not result in a better 
indicator of adult abundance as compared to the original VA index or the recruitment 
index assuming a gamma distribution because significant correlations were obtained for 
only 2 o f 7 age classes (Table 5). Therefore, modeling the zero and nonzero catches 
separately appears to be unnecessary for the purposes of calculating a recruitment index 
for striped bass from the VA seine survey.
Weakfish
For three age classes of weakfish, age-specific adult abundances were regressed 
against recruitment indices derived from the VIMS trawl survey. Only 1 of 3 age classes 
(age 1) exhibited a significant correlation (Table 8; Figure 9). A significant correlation 
was not detected between age 0 abundance from the ChesMMAP survey and the 
recruitment index from the VIMS trawl survey potentially as a result of the lack of 
representativeness o f the information used to construct the recruitment index, including
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the index period, assignment of strata, and the distributional assumptions o f the catch 
data.
With the addition of November to the index period, the modified weakfish 
recruitment index (Index 1) provided a better indicator of subsequent adult abundance. 
Significant correlations for 2 of 3 age classes (ages 0 and 1) were obtained when the 
modified recruitment index with the months of August to November and estimates of 
age-specific abundance from VA only were used (Table 8).
The current strata, including all depths and river systems, used to derive the 
recruitment index for weakfish appear to be appropriate. To determine if the recruitment 
index improved when catches of weakfish from the rivers only were used, estimates of 
age-specific adult abundance were regressed against the modified recruitment index 
calculated using catch data from the James, York, and Rappahannock Rivers (Index 9). 
No significant positive relationships were detected which indicates the importance of the 
VA mainstem portion of Chesapeake Bay as habitat for YOY weakfish (Table 8). 
Because it is unclear from the results how depth may influence the distribution and 
abundance of YOY weakfish in Chesapeake Bay, all depth strata should be used to 
develop the recruitment index for this species (Table 8).
The gamma distribution appears to be the most appropriate distribution for the 
weakfish catch data. For the gamma distribution, AICc values were the smallest for 77% 
of the strata; whereas, the lognormal distribution had the smallest AICc values for only 
23% of the strata (Table 9). When zero and nonzero catches were modeled separately 
using the delta-lognormal model, there were no improvements in the relationships 
between estimates of age-specific adult abundance and the recruitment indices for
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weakfish. The nonzero catches o f YOY weakfish were log-normally distributed (Table 
10); however, the adjusted recruitment index calculated using a delta-lognormal model 
did not provide a better indicator of subsequent adult abundance. A slight decrease in the 
correlation coefficients for each of the three age classes indicated that the application of 
the delta-lognormal neither strengthened nor weakened the overall relationships between 
the recruitment indices and estimates of age-specific adult abundance (Table 8). 
Therefore, the appropriate weakfish recruitment index is based on the measure of central 
tendency o f the gamma distribution (Table 4).
The strength of the relationships between the recruitment indices and estimates of 
age-specific adult abundance for weakfish is influenced by the distributional assumptions 
of the YOY catch data. When the recruitment index was re-estimated assuming the catch 
data were gamma distributed, the only significant correlation was obtained for 2-yr old 
fish (Table 8). Additionally, a difference in the pattern of the weakfish recruitment index 
is observed depending on whether the catch data are assumed to be gamma or log- 
normally distributed (Figure 10).
Atlantic croaker
For Atlantic croaker, 3 of 7 age classes (ages 1, 2, and 5) exhibited a significant 
correlation between estimates of age-specific adult abundance and the original 
recruitment index (Table 11; Figure 11). Five of seven age classes (ages 1-4, and 6) 
exhibited significant correlations when the index period used to derive the modified 
recruitment indices included 3 months (April, May, and June) instead of the original 4
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months (May, June, July, and August) and estimates of age-specific adult abundance 
from VA and MD were used (Table 11).
When the index period is modified to include the months April through June, 
catch data from all depths and systems should be used to derive the recruitment index for 
Atlantic croaker. Five of the seven age classes (ages 1, 2, 4-6) exhibited significant 
correlations when catch data collected from depths less than 30 ft (Table 11) and the 
original index period was used. However, modifying the index (Index 5) by redefining 
the index period (April -  June) and using catch data from strata less than or equal to 30 ft 
does not provide a better indicator of subsequent adult abundance relative to the use of a 
modified index period (.Index 1) with depth strata included (Table 11). Based upon the 
principle of parsimony, the most appropriate index for Atlantic croaker appears to require 
the use of catch data from April, May, and June as the index period and all depth strata.
The lognormal distribution was selected as the preferred distribution for the YOY 
Atlantic croaker catch data. The lognormal distribution had the smallest AICc values for 
66% of the strata; whereas, the gamma distribution had the smallest AICc values for 34% 
of the strata (Table 12). Thus, the geometric mean is appropriate for expressing the 
recruitment index for Atlantic croaker. When the delta-lognormal distribution was 
applied to the catch data and the recruitment index was re-estimated, the modified index 
(Index 12) did not provide a better indicator of subsequent adult abundance (Table 11,
13).
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DISCUSSION
Recruitment indices as indicators o f  subsequent adult abundance
The results of this study demonstrate the use of recruitment indices derived from 
juvenile finfish surveys for striped bass, weakfish, and Atlantic croaker as early 
indicators of subsequent age-specific adult abundance. Year-class strength was reflected 
in subsequent estimates of age-specific adult abundance; however, the strength of the 
relationships between recruitment indices and adult abundances varied greatly with age. 
The initial lack of significant correlations across all age classes and species indicated the 
need for exploring and potentially improving the recruitment indices to more 
appropriately reflect YOY abundance by focusing on the information used to construct 
the recruitment indices, including the assignment of the index period and strata, and the 
distributional assumptions of the data. Based on this study, the VIMS juvenile finfish 
surveys are useful tools for measuring recruitment to the juvenile stage; however, the 
results emphasize the importance of further investigation of the species-specific 
information required to derive a reliable recruitment index, particularly for species not 
examined here. Lognormality is not an appropriate assumption for all catch data and 
should be investigated on a species-specific basis. Additionally, the application o f the 
delta-lognormal distribution to calculate a recruitment index did not provide a better 
indicator of subsequent adult abundance for any o f the species in this study; therefore, 
modeling the zero and nonzero catches separately appears to be unnecessary for
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calculating recruitment indices for striped bass, weakfish, and Atlantic croaker from the 
juvenile finfish surveys.
Fisheries-dependent data have been the source of estimates o f age-specific adult 
abundance in previous studies (Crecco et al 1983; Goodyear 1985; Hare and Able 2007). 
However, this study is unique in that survey-based estimates of adult abundance were 
used. Unlike sampling in small streams (Jordan et a l 2008) or closed systems such as 
lakes, it is difficult to obtain multiple fishery-independent estimates of abundance in open 
marine and estuarine environments due to the high costs associated with sampling. 
Multispecies surveys, such as the VIMS finfish surveys, offer a practical means for 
obtaining estimates of relative abundance. The sampling strategy is designed to 
accommodate the ecology and distribution of various species without focusing on one 
species in particular. In general, life history characteristics influence the distribution and 
abundance of a species. In this study, I selected three species with contrasting 
reproductive strategies to determine if the surveys perform more favorably for a species 
with certain reproductive strategy. Although I did not evaluate the performance of the 
surveys per se, I attempted to determine the influence o f contrasting life histories, with 
respect to the temporal and spatial use of the estuaries, on the recruitment o f YOY fishes 
as measured by the VIMS juvenile finfish surveys. Future studies should include a larger 
number o f species that represent different reproductive strategies. The abundance of 
YOY finfishes in Chesapeake Bay as measured by the VIMS juvenile finfish surveys is 
also likely influenced by the synergistic effects of other biotic factors, such as predator- 
prey interactions, and abiotic factors, such as salinity, temperature, and dissolved oxygen.
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The main limitation of this study is the availability of only six data points in the 
regression analyses between the recruitment indices and estimates of adult abundance. 
Although six data points are sufficient for investigating the nature of the assumed linear 
relationship between two variables, more data points would be helpful for determining 
the degree to which a linear function describes the relationship between two variables. 
Consequently, the methods presented here should be revisited in the future to determine if 
linear relationships are supported with additional years of data. Another limitation of this 
study is the fact that estimates of adult abundance from the ChesMMAP survey were 
assumed to be measured accurately; however, the information used to derive these 
estimates should also be investigated to ensure that they reflect patterns in actual 
abundance of adult fishes. Lastly, age-specific fishing mortality for each species was 
assumed to remain constant through time as supported by the lack o f significant 
management changes for striped bass (ASMFC 2007), weakfish (ASMFC 2006), and 
Atlantic croaker (ASMFC 2006) during the last several years.
An additional limitation o f this study is the small number of age classes examined 
for weakfish. Only three age classes were examined due to the lack of sufficient sample 
sizes o f adult weakfish older than 2 years from the ChesMMAP survey. No weakfish 
older than 4 years have been captured by the ChesMMAP survey since 2002 (Bonzek et 
al. 2007) concurrent with considerable declines in stocks as evidenced by commercial 
and recreational landings (ASMFC 2006). Currently, there is a paucity of information on 
weakfish population dynamics, and estimated spawning stock biomass has been declining 
steadily since 1998 (ASMFC 2006). Nevertheless, the findings of this study may be used
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to guide future research on weakfish to better understand the factors that influence habitat 
use by YOY fish.
The distributional assumptions of catch data from juvenile finfish research 
surveys require examination to evaluate the influence o f zero observations on the 
underlying distribution and to ensure that recruitment indices are calculated appropriately 
for each species. For standardized surveys using the same gear and survey design, zero 
observations likely occur as a result of the biology and ecology of YOY fishes, such as 
the absence of a species in a particular area due to unsuitable habitat. My conclusions do 
not support the results of Chittenden (1991) in which the log transformation was 
determined appropriate for weakfish abundance data from the VIMS trawl survey. 
However, I examined distributions that had not been previously considered by Chittenden 
(1991), including the gamma distribution which I found to be more suitable for the 
weakfish abundance data.
A Bay-wide recruitment index appears to more accurately reflect year-class 
strength for Chesapeake Bay striped bass than the state-specific recruitment indices 
currently used by both VA and MD. The results of this study suggest that recruitment 
indices could be combined across jurisdictions to more appropriately reflect YOY 
abundance of striped bass on a Bay-wide scale. Although the VA index exceeds the MD 
index 57% of the years between 1980 and 2007 (Figure 12), a Bay-wide recruitment 
index is practical because YOY striped bass recruit to tributaries throughout Chesapeake 
Bay (Olney et al. 1991; Rutherford and Houde 1995; Durell and Weeden 2007; Hewitt et 
al. 2008). The primary contributors to the Atlantic coastal fishery for striped bass are the 
Chesapeake Bay and Hudson River populations (Berggren and Lieberman 1978; Wirgin
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et al. 1993) with contributions varying among year classes (Van Winkle et al. 1988) and 
through time (Fabrizio 1987). Due to the importance of the contributions o f Chesapeake 
Bay striped bass populations to the coastal fishery, it is imperative that estimates of YOY 
striped bass are measured accurately for stock assessment purposes.
My results support the notion that year-class strength for striped bass in 
Chesapeake Bay is established prior to the summer months during which YOY fish are 
captured by the VA seine survey. Hurst and Conover (1998) failed to detect a significant 
correlation between abundance o f YOY striped bass and age-1 abundance in the Hudson 
River. They argued that winter severity regulates the recruitment of YOY striped bass to 
the Hudson River population such that year-class strength is not established until the 
spring of the first year (Hurst and Conover 1998). Year-class strength of striped bass in 
Chesapeake Bay is primarily influenced by density-independent factors such as the 
effects of freshwater pulses on the transport and retention of larvae and post-larvae in the 
estuarine turbidity maximum (North and Houde 2001; North et al. 2005), and the effects 
of temperature on larval growth rates and stage duration (Rutherford and Houde 1995; 
Secor and Houde 1995).
For weakfish and Atlantic croaker, changes to the index period resulted in 
recruitment indices that provided better indicators of subsequent adult abundance. To 
ensure that the recruitment index reflects the relative abundance o f YOY weakfish, the 
seasonal migration patterns of YOY fish should be accounted for in the index period. 
Prior to migrating to overwintering grounds off of the coast of North Carolina, YOY 
weakfish remain in Chesapeake Bay through November (Wilk 1976) as evidenced by 
historical information and catches from the VIMS trawl survey. Although weakfish
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generally occupy Chesapeake Bay from April to November (Pearson 1941; Massman et 
al. 1958), November may not have previously been considered an index month because 
YOY catches tend to be smaller in November than in August-October. Nevertheless, the 
inclusion of an additional month of YOY catch data into the recruitment index 
calculation better reflects the relative abundance of YOY weakfish in Chesapeake Bay. 
This is further supported by the observation of multiple age-0 cohorts in the York River 
(Szedlmayer et al. 1990). Collectively, these studies may indicate the need for 
incorporating an additional month into the index period. Further research may be 
necessary to determine if multiple age-0 cohorts are observed in the James and 
Rappahannock Rivers and the mainstem of Chesapeake Bay. For Atlantic croaker, the 
recruitment index can be improved by shifting the index period earlier to include catches 
of YOY fish from April through June. The VIMS trawl survey catches YOY Atlantic 
croaker year round (Fabrizio and Tuckey 2008), although Chao and Musick (1977) noted 
that YOY Atlantic croaker are present in the York River in large numbers throughout the 
year except during June-August.
Habitat-structuring variables and distribution and abundance ofjuvenile fishes
Several habitat-structuring factors may contribute to variations in the distribution 
and abundance o f juvenile fishes including salinity (Weinstein 1980; Peterson et al. 1999, 
Papemo et al. 2000; Miller et al. 2003; Ross 2003), temperature (Norcross 1983; 
Lankford and Targett 2001), and substrate type (Martin et al. 1995; Miller et al. 2003). 
Although juvenile weakfish recruit to all areas of Delaware Bay, the greatest recruitment 
occurs in areas with salinities less than 20 ppt (Papemo et al. 2000). However, Papemo et
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al. (2000) observed lower growth rates, smaller lengths-at-age, and lower mortality rates 
in oligohaline portions of the upper Delaware Bay suggesting a tradeoff between 
minimizing mortality potentially due to predation and optimizing growth (Lankford and 
Targett 1994). Miller et al. (2003) determined that YOY Atlantic croaker were collected 
across a wide range of salinities in the deeper waters of Delaware Bay, but were most 
abundant over muddy areas. In Chesapeake Bay, YOY Atlantic croaker exhibit 
preference for waters with salinities less than 18 ppt (Haven 1957). The results presented 
here do not support Haven’s findings because the use of a rivers only recruitment index 
did not improve estimates of subsequent adult abundance. However, it is important to 
note that the rivers only index may have catch data from stations with salinities slightly 
higher than 18 ppt particularly in the lower portion of the rivers. Similarly, Ross (2003) 
concluded that upstream oligohaline habitats provide the optimal environment for YOY 
Atlantic croaker in Cape Fear and Pamlico Sound, NC based on growth, mortality, and 
distribution data. Both laboratory and field studies have also identified an inverse 
relationship between salinity and growth o f YOY Atlantic croaker (Peterson et al. 1999; 
Rakocinski et al. 2000).
In general, species-specific responses to environmental gradients may result in 
large-scale (approximately 10km) patterns in the structure of estuarine fish assemblages, 
whereas habitat associations driven by competition, predator avoidance strategies, and 
habitat selection may drive smaller scale patterns (Martino and Able 2003). Papemo and 
Brodie (2004) noted that differences in salinity, temperature, depth, and the influx of 
juvenile fishes may also result in small-scale differences in fish assemblages found in 
nursery areas of the St. Sebastian River, Florida. Araujo et al. (2006) postulate that
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habitat partitioning is the result of species-specific responses to environmental gradients 
which act as a density structuring mechanism for the abundance o f Sciaenids in Sepetiba 
Bay, a tropical embayment of southeastern Brazil. Dissolved oxygen concentrations may 
also influence the distribution and abundance of YOY weakfish and Atlantic croaker. 
Tyler and Targett (2007) concluded that juvenile weakfish in a small mesohaline tributary 
of Delaware Bay exhibit an avoidance threshold o f ~2.0 mgC^l"1 and demonstrate short­
term changes in distribution associated with variable dissolved oxygen levels. Eby and 
Crowder (2002) previously reported an avoidance threshold of 2.3 mgC^f1 for Atlantic 
croaker. Furthermore, the avoidance threshold may be influenced by the spatial extent of 
the hypoxia (Eby and Crowder 2002). Similarly, collections o f Atlantic croaker have 
occurred at concentrations o f 1-2 mgC^l"1 in the Neuse River Estuary, NC (Bell and 
Eggleston 2005). High densities of Atlantic croaker have been reported at the offshore 
edge of the hypoxic region in the northwestern Gulf o f Mexico where Atlantic croaker 
were observed at dissolved oxygen concentrations ranging between 1.6 and 3.7 mgC^f1 
(Craig and Crowder 2005). The results of previous studies designed to investigate the 
influence of abiotic factors on the abundance of YOY weakfish and Atlantic croaker 
neither corroborate nor contradict the findings presented here because additional 
environmental factors, such as dissolved oxygen, temperature, and salinity were not 
included in this study. Instead, the existing literature indicates the need for considering 
abiotic factors in future studies designed to evaluate factors influencing the recruitment of 
fishes to the juvenile stage. This claim is further supported by the hydrodynamic and 
physico-chemical differences between the Chesapeake Bay and the James, York, and 
Rappahannock Rivers which likely influence catch rates of YOY fishes. For example, of
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the three tributaries, the James River is closest in proximity to the mouth of Chesapeake 
Bay, allowing for higher exchange rates, less stratification, and similar dissolved oxygen 
levels between shallow ( ^ 0  ft) and deep (>30 ft) stations in most years (Figure 13). The 
James River is also shallower, in general, than the Rappahannock River which exhibits 
consistently lower dissolved oxygen levels in deep areas during the summer months 
(Figure 14). Future studies may be used to elucidate how abiotic factors, such as salinity 
and dissolved oxygen, influence the distribution, and ultimately, abundance of YOY 
fishes in Chesapeake Bay.
Among other factors, depth influences the composition of fish communities in an 
estuarine environment (Loneragan et al. 1987; Martino and Able 2003). Haven (1957) 
determined that YOY Atlantic croaker in the York River are confined to the bottom 
waters of relatively deep channels with some venturing into adjacent shoal waters and 
very few near shore. Depth has also been shown to influence the distribution o f some 
Sciaenids, including whitemouth croaker (Micropogonias fumieri) and barbel drum 
(Ctenosciaena gracilicirrhus) but not others, such as smooth weakfish {Cy nos cion 
leiarchus) and southern kingcroaker (Menticirrhus americana), in Sepetiba Bay, Brazil 
(Araujo et al. 2006). In this study, the modified recruitment indices constructed using 
depths less than or greater than 30 ft did not result in better indicators of subsequent adult 
abundance for weakfish or Atlantic croaker. Although the results suggest that depth does 
not need to be accounted for when constructing a recruitment index for these species, this 
may be due to the way depth was included in this study. Deep and shallow areas were 
partitioned at 30 ft in accordance with the stratification of the VIMS trawl survey but this
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level of resolution may have limited the extent to which the influence of depth on 
abundance could be detected.
Although I did not detect an influence of depth on the distribution and abundance 
of YOY weakfish and Atlantic croaker, the physical and chemical characteristics of 
brackish water that vary spatially and temporally with depth in an estuary may, in part, 
contribute to variations in the distribution and abundance of YOY finfishes in 
Chesapeake Bay. During index months, catches of YOY weakfish tend to be highest at 
dissolved oxygen concentrations from 4 to 7 mgC^l'1 (Figure 15), salinities typically less 
than 20 ppt with catches remaining high at salinities of 25 ppt in some years (Figure 16), 
and bottom water temperatures between 25 and 28 °C (Figure 17). Similarly, catches of 
YOY Atlantic croaker during index months tend to be highest at dissolved oxygen 
concentrations from 4 to 7 mgC^F1 (Figure 18), salinities typically less than 25 ppt 
(Figure 19), and bottom water temperatures between 20 and 28 °C (Figures 20).
Model-based abundance estimates
If the abundances of YOY finfishes captured by the VIMS trawl survey are 
influenced by factors such as temperature, salinity, dissolved oxygen concentrations, tidal 
stage, and depth, then accounting for these factors in model-based estimates of abundance 
may improve recruitment indices. Currently, recruitment indices are developed using 
design-based theory, where abundance estimates are derived from a stratified random 
design that specifies how observations (i.e. stations) are selected (Smith 1990). In 
contrast, model-based estimates of abundance are derived according to the statistical 
model being used (Smith 1990). For instance, recruitment indices could be constructed
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using generalized linear models (GLMs) to examine the effects of additional 
environmental covariates on abundance. In GLMs, the distribution of the response 
variable is not limited to the normal distribution and can include members of the 
exponential family, such as the gamma distribution (McCullagh and Nelder 1989), which 
has been demonstrated in this study to be appropriate for the striped bass and weakfish 
catch data. Incorporating additional explanatory variables into a model-based framework 
for estimating relative abundance will account for a greater amount of variability that is 
not due to actual changes in abundance but that arises due to other factors being 
considered, such as dissolved oxygen or temperature. In addition to other species, GLMs 
have been used to construct abundance estimates for cod (Smith 1990; Brynjorsdottir and 
Steffanson 2004); horse mackerel (Trachurus trachurus), blue whiting {Micromesistiums 
poutassou), and hake (Merluccius merluccius) (Sousa et al. 2007), juvenile reef fishes 
(Mellin et al. 2007), and larval fishes (Franco-Gordo et al. 2004). Alternatively, 
generalized additive models (GAMs) may also be useful as an exploratory tool for 
understanding the relationships between environmental variables and the relative 
abundance of fishes captured by the VIMS juvenile finfish surveys. Unlike GLMs, 
GAMs do not assume a linear relationship between the response and predictor variables; 
therefore, these models can be used to investigate non-linear relationships (Hastie et al. 
2001). GAMs are modeled as the sum of a function of the predictors; whereas, 
generalized linear models are modeled as the sum of the linear combination of predictor 
variables and are constrained to a linear fit (Quinn and Keough 2002). GAMs have been 
successfully applied to analyze patterns in abundance o f pelagic fishes (Peltonen et al.
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2007), estimate population size of seabirds (Clarke et al. 2003), and standardize CPUE 
data (Maunder and Punt 2004).
Conclusions
Investigating the relationships between estimates of YOY and adult abundance 
can help determine if recruitment indices reflect abundance of the year class. Although 
year-class strength was reflected in subsequent estimates of age-specific adult abundance, 
the results varied by age class indicating the need for continued examination of the 
assignment of the index period and strata used to calculate recruitment indices for species 
captured by the VIMS juvenile finfish surveys. Despite the common application of the 
lognormal assumption, I determined that it is not always appropriate for catch data from 
the VIMS juvenile fish surveys. The gamma distribution is a more flexible distribution 
that is a reasonable description o f the distribution of the catch data for some species. 
Other model-based approaches, such as GLMs or GAMs, should also be considered to 
investigate the influence of environmental variables on YOY abundance estimates. This 
will ensure that the best available information is used to develop a recruitment index that 
appropriately reflects abundance o f YOY fishes in Chesapeake Bay.
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Figure 1. Stratified random sampling design for the VIMS Juvenile Fish Trawl 
Survey (Fabrizio and Tuckey 2008). The four regions include the James, York, and 
Rappahannock Rivers, and the mainstem portion of Chesapeake Bay in Virginia.
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Figure 2. Sampling locations of the VA Juvenile Striped Bass Seine Survey. Data 
collected from index stations only are used in the striped bass recruitment index. In 
1989, auxiliary stations were added to increase the geographic coverage of the survey. 
Numbers indicate the number of river miles from the mouth of the river (Hewitt et at. 
2008).
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Figure 3. Sampling locations of the MD DNR Juvenile Striped Bass Seine Survey in 
MD portions of Chesapeake Bay (Durell and Weeden 2007). Sampling occurs in the 
head o f Bay Region and the Potomac, Choptank, and Nanticoke Rivers.
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Figure 4. Sampling region for the Chesapeake Bay Multi-species Monitoring and 
Assessment Program (ChesMMAP). Regions 1-3 are located in Maryland and 
Regions 4 and 5 are located in Virginia. Example of different sampling locations 
throughout the Bay indicated by red circles.
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PART I
Correlation analysis can be used to investigate the relationship between recruitment 
indices and estimates of age-specific adult abundance for multiple age classes and 
species
I 
I
YES
I 
I
Patterns in YOY abundance are reflected in ALL subsequent age classes
I 
4
NO
I 
4
PART II
Investigate the use of the following alternative information to develop modified 
recruitment indices to improve the relationship between estimates of age-specific 
adult abundance and recruitment indices:
1. Index period and strata assignment
2. Distributional assumptions
3. Length threshold values (see Chapter 2)
Figure 5. Conceptual diagram of research. Arrows indicate path followed in the 
analysis.
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Figure 6. Example of simple linear regression o f age-1 abundance of striped bass 
derived from the ChesMMAP survey regressed against the recruitment index derived 
from the VA Juvenile Striped Bass Seine Survey. Data points are identified by the 
year class. For example, to obtain the 05 datapoint, the 2005 year class had a 
recruitment index value of 3.99; whereas the estimate of age-1 abundance in 2006, 
was approximately 9.60. A significant correlation exists between age 1 abundance 
and the recruitment index for striped bass as indicated by the correlation coefficient 
labeled with an asterisk (r = 0.91 *).
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Figure 7. Estimates of age-specific adult abundance regressed against the original 
striped bass recruitment index derived from the VA Juvenile Striped Bass Seine 
Survey. Correlation coefficients are shown in the lower right-hand comer. Asterisk 
indicates a significant correlation (alpha = 0.05) between the two variables.
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recruitment index is calculated from the means of a lognormal distribution or a 
gamma distribution.
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recruitment index for Atlantic croaker derived from the VIMS Juvenile Fish Trawl 
Survey. Correlation coefficients are shown in the lower right-hand comer. Asterisk 
indicates a significant correlation (alpha = 0.05) between the two variables.
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Figure 15. Average total number of YOY weakfish caught by the VIMS trawl
survey during the index months (Aug.-Oct) plotted against average dissolved oxygen
concentrations for each stratum, 2000-2006.
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Figure 18. Average total number of YOY Atlantic croaker caught by the VIMS trawl 
survey during the index months (May-Aug.) plotted against average dissolved oxygen 
concentrations for each stratum, 2000-2006.
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Figure 19. Average total number of YOY Atlantic croaker caught by the VIMS trawl 
survey during the index months (May-Aug.) plotted against average salinity 
concentrations for each stratum, 2000-2006.
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Figure 20. Average total number o f YOY Atlantic croaker caught by the VIMS trawl 
survey during the index months (May-Aug.) plotted against average bottom water 
temperature for each stratum, 2000-2006.
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CHAPTER 2
EVALUATING LENGTH AS A PROXY FOR AGE IN YOUNG-OF-YEAR 
STRIPED BASS, WEAKFISH, AND ATLANTIC CROAKER
INTRODUCTION
Variability in the recruitment of fishes to the juvenile stage can have important 
implications for management (Fogarty et al. 1991). Recruitment indices, or indices of 
young-of-year (YOY) abundance, are useful for forecasting trends in future stock 
abundance (Crecco et al. 1983; Bailey and Spring 1992; Helle et al. 2000; Axenrot and 
Hannson 2003; Hare and Able 2007). Chesapeake Bay is a critical nursery habitat for 
many recreationally and commercially important fishes such as striped bass (Morone 
saxatilis), weakfish (Cynoscion re gal is), Atlantic croaker (Micropogonias undulatus), 
and summer flounder (Paralichthys clentafus). Multiple fishery-independent surveys are 
currently in progress throughout Chesapeake Bay to monitor the abundance and 
distribution of juvenile fishes within their primary nursery habitat (Durell and Weeden 
2007; Fabrizio and Tuckey 2008; Hewitt et al. 2008). Indices are derived to reflect 
interannual variability in recruitment to the juvenile stage; subsequently, they are used to 
assess the status of economically valuable stocks. Information used to develop a 
recruitment index should be evaluated to ensure that the index is representative of 
abundance at the juvenile stage and accurately reflects year-class strength. Due to the 
frequency o f large catches, juvenile finfish research surveys often use length as a 
surrogate tor age (Fabrizio and Tuckey 2008; Hewitt et al. 2008). When such methods 
are employed, length threshold values require verification to ensure they accurately 
distinguish YOY fishes from older individuals.
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In this study, I evaluate the current length threshold values used to distinguish 
YOY fish from older individuals for striped bass, weakfish, and Atlantic croaker 
collected by the VIMS juvenile finfish monitoring surveys. In general, length-frequency 
analysis is a method of age corroboration that is most suitable for estimating growth rates 
o f rapidly-growing fish, for which age-specific length modes are easily identified 
(Campana 2001). Length threshold values used by the VIMS Juvenile Fish Trawl Survey 
(hereafter referred to as the VIMS trawl survey) were last evaluated in 1990 
(Colvocoresses and Geer 1991). Using length data from fish collected between 1955 to 
1990, YOY length values were assigned based on historical composite length frequencies 
developed by month for weakfish and Atlantic croaker (Appendix 1). Unfortunately, 
there is no published description of how the length threshold value (150 mm) used to 
distinguish YOY striped bass from older individuals collected by the Virginia Striped 
Bass Seine Survey (hereafter referred to as the VA seine survey) was obtained. This 
value remains sufficiently high enough to include the range of lengths observed in YOY 
fish; nevertheless, the potential for including age-1 fish remains.
The need for validating the length threshold values for YOY fish is crucial 
because the use of length-frequency analysis to assign age classes does not account for 
the effects of variability in growth rates through time. The focus of this research is to 
assess whether historically-defined length threshold values accurately distinguish YOY 
fishes in present-day catches. Elucidating the underlying mechanisms for changes in 
length at age is beyond the scope of this study; however, I discuss potential reasons why 
the current length designations for the selected species may no longer be appropriate. 
Moreover, no previous studies have investigated the length-at age-relationship of
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presumably YOY fishes collected by the VIMS juvenile finfish surveys using a validated 
ageing method. My objective is to evaluate the length threshold values for YOY striped 
bass, weakfish, and Atlantic croaker by comparing fish length to transverse-sectioned 
otoliths used to determine age. The three species were selected based on the differences 
between their life histories (see Chapter 1). Improper ageing can ultimately lead to 
incorrect estimates of important age-based parameters such as growth and age-at-maturity 
(Beamish and McFarlane 1983), but more importantly, in this application, the use of 
unsuitable length values can result in inaccurate estimates of relative abundance of YOY 
fishes. Annulus formation in otoliths has been validated for striped bass using mark- 
recapture data from hatchery-reared fish that were tagged prior to release as juveniles in 
Chesapeake Bay and later captured as adults (Secor et al. 1995). Marginal increment 
analysis has been used to validate annual growth in transverse-sectioned otoliths of 
weakfish (Lowerre-Barbieri et al. 1994) and Atlantic croaker (Barbieri et al. 1994). In 
light of my findings, I discuss the potential for incorrectly estimating the relative 
abundance of YOY fishes with inappropriate length threshold values.
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METHODS
Jii1 !enHe finfish monitoring programs
The VA seine survey purposely monitors the annual recruitment of striped bass 
from July to mid-September at fixed stations in the James, York, and Rappahannock 
rivers (Figure 1) using a 1.2 m x 30.5 m x 6.4 mm minnow seine (Hewitt et al. 2008). At 
index stations, striped bass measuring less than 150 mm are used to develop the 
recruitment index which is reported annually as a geometric mean catch-pcr-haul. Under 
the current protocol for the VA seine survey, the recruitment index is multiplied by a 
scaling factor of 2.28 to provide an ad hoc estimate that is comparable to the arithmetic 
mean (2.28 is the estimated ratio of the arithmetic mean to the geometric mean, 
calculated from historical data from the seine survey) (Austin et al. 1993). The scaling 
factor was originally included because of differences in the reported forms of the index, 
and because the “trigger” used by the fisheries management plan (FMP) for striped bass 
is based on an arithmetic mean; however, now that both states report the recruitment 
indices as geometric means, the scaling factor may no longer be necessary. The striped 
bass recruitment index reported here does not match the published recruitment index 
because the scaling factor was not included in my calculation of the index.
The VIMS trawl survey monitors the abundance of finfish populations on a 
monthly basis in the James, York, and Rappahannock River systems and portions of the 
lower Chesapeake Bay (Figure 2) using a lined 9.14 m semi-balloon otter trawl, with 38.1
107
mm stretched mesh and 6.35 mm cod liner (Fabrizio and Tuckey 2008). The survey 
implements a stratified random sampling design with strata defined according to depth 
and either latitudinal (Bay) or longitudinal regions (rivers). Each species is fully 
recruited to the trawl during a 3-4 month time period referred to as the ‘index period.’ To 
derive a recruitment index, the appropriate index period and strata must be identified for 
each species. Historically-defined length threshold values are then used to distinguish 
YOY fish from older individuals collected within the defined stratum. Consequently, an 
annual recruitment index is derived as a weighted geometric mean catch per tow using 
individuals that are 1) measured during the specified index period and strata and 2) are 
smaller than the month-specific length threshold values. Although multiple recruitment 
indices are calculated for each species, the random stratified converted index (RSCI) was 
chosen for weakfish and Atlantic croaker. The RSCI incorporates a correction factor for 
all gear and research vessel changes that have occurred since 1955. Additionally, for 
Atlantic croaker, I used the spring recruitment index (RSCI) in this analysis which 
reflects YOY abundance more accurately than the fall recruitment index because year- 
class strength is not established until the first spring (Hare and Able 2007).
Specimen collection and age determinations
Striped bass were collected between July and mid-September 2007 by the VA 
seine survey with about 10 individuals collected from index stations during each of five 
sampling rounds (Table 1). Ten weakfish and ten Atlantic croaker were collected from 
each region (James, York, Rappahannock Rivers and Virginia mainstem portion of 
Chesapeake Bay) from August to October (weakfish) and May to August (Atlantic
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croaker) by the VIMS trawl survey in 2007. Euthanasia was accomplished through 
immersion in an ice brine slurry following approved IACUC protocols. Specimens were 
kept on ice until they were processed immediately upon return to the laboratory. Total 
lengths (TL) were recorded to the nearest millimeter for weakfish and Atlantic croaker, 
and fork length (FL) was recorded for striped bass. Both saggital otoliths were removed 
and stored dry for later analysis.
Transverse sections, approximately 1-2 mm thick, were removed from the right 
otolith using a Buehler low-speed Isomet saw. Sections were polished on 320-grain 
sandpaper, mounted on glass slides using Crystalbond mounting medium, and viewed at 
6x magnification. Annual marks, indicated by thin, opaque bands, were counted and 
recorded for each species by three independent readers (R. Johnson, M. Chattin, and J. 
Woodward). Final ages were assigned based on the agreement of at least two readers.
The pattern of alternating narrow, opaque /.ones and translucent hyaline zones has been 
documented as annulus formation for striped bass (Secor et al. 1995), weakfish (Lowcrre- 
Barbieri et al. 1994), and Atlantic croaker (Barbicri et al 1994). Although 
distinguishable in striped bass and weakfish, the first annulus in Atlantic croaker is 
represented by a blurred, opaque band surrounding the core of the otolith and is formed 
during the first spring (Barbieri et al. 1994) when the fish are less than one year old 
(chronologically). Correct identification of the first annulus is imperative, with 
disagreements often resulting from the misidentification of the first annulus (Barbieri el 
al. 1994). Equally important, is the choice of the biological birthdate used to assign fish 
to appropriate age classes. In this study, I assigned January 1 as the arbitrary birthdate 
for all species, a practice common for assigning ages of finfishcs (Devries and Frie 1996).
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Precision and accuracy of age assignments
Percent agreement was used to evaluate ageing precision among readers. Using 
assigned ages, percent agreement between two readers is calculated as:
# agreedPA = * 1 0 0  ( 1)
A read
I did not examine more rigorous approaches for determining precision among readers 
given that PA was 100% for 2 out of the 3 species, and PA was at least 86% for the third 
species.
Following the recommendations of Campana et al. (1995), age bias plots were 
examined for Atlantic croaker to detect systematic differences, or bias, between readers. 
In these plots, the age assignments of one reader are presented as the mean ages and 95% 
confidence intervals for each of the respective ages assigned by a second reader; 
interpretations are then made graphically with respect to an equivalence line between the 
two readers (Campana et al. 1995). To use age bias plots, multiple year classes must be 
identified. Consequently, age bias plots were not constructed for striped bass and 
weakfish because age 1 was the maximum age identified in my samples for both species.
Assessing the relationship between mean length at age and abundance
The relationship between mean length-at-age and abundance was evaluated to 
investigate the possibility of density-dependent growth for striped bass, weakfish, and 
Atlantic croaker. Density-dependent growth may result in changes to important life- 
history parameters, such as growth rates which, in turn, may contribute to the uncertainty 
in age assignments based on length. Changes in mean length-at-age may have occurred 
in association with changes in stock abundance for striped bass (ASMFC 2008), weakfish
(ASMFC 2006), and Atlantic croaker (ASMFC 2006). In this study, average total length 
of YOY fish was regressed against the recruitment index of the same year for each 
species to investigate the occurrence of density-dependent growth.
A simple linear regression model was applied to the striped bass, weakfish, and 
Atlantic croaker abundance data. The model for a simple linear regression is:
= P« + P\Po) (2)
where the dependent variable, Lj is the average length of YOY fish for the j'h year class, 
the overall mean is /?«, the slope parameter, /3/. measures the change in Lj per unit change 
in the independent variable, lyoy. which is the recruitment index for th e /7' year class, and 
€j is the random error associated with th e / ' year class. The following assumptions apply 
when using linear regression analysis: (i) the response variable, Lj, is independent and 
normally distributed; (ii) the errors, e,-, are independent and normally distributed; (iii) the 
expected mean value of the error term is 0 and the variance is designated as op; and (iv) 
variances of the error terms are homogeneous. Residual plots were examined for 
patterns, and Cook’s D statistic (Cook 1977) was used to assess the influence of potential 
outliers on the models. If the Cook’s D statistic had a value greater than 1, then this 
indicated the influential data. Data collected from 1988 to 2007 (n = 19 years) were used 
in the analysis. I chose 1988 because this was the year during which the VIMS trawl 
survey was expanded to include portions of the lower Chesapeake Bay.
To examine the strength of the relationship between average length of YOY fish 
and the recruitment index for that year, the Pearson’s product-momcnt correlation 
coefficient /*. a derived statistic from simple linear regressions, was determined for each 
species. A statistical test based on the t-distribution was used to test the significance of
the correlation coefficient. A sample size of 20 was used based on the number of years 
included in the analysis (1988-2007). For n = 20 and 4 (n-2) degrees of freedom, the 
critical value of r in this analysis is tcn■, = 0.42 at an alpha level o f 0.05. Significant, 
positive correlations provided support for linear relationships between average length of 
YOY fish and the recruitment index and also indicated the possibility o f density- 
dependent growth.
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R E S U L T S
Striped bass
Six individuals were aged as 1 -year old fish out of 179 collected specimens. Five 
of these individuals, ranging between 119 mm and 149 mm, were less than the 150 mm 
length threshold for YOY fish, and thus represent fish which were incorrectly assigned as 
YOY (Figure 3). The sixth fish was expected to be 1 -year old because it was greater than 
the length threshold. Percent agreement between readers was 100% (Table 3).
To determine how length-based age assignments influence the magnitude of the 
striped bass recruitment index, I calculated the annual percentage of the catch between 
100 mm and 150 mm for 2000 to 2007 (Table 2). On average, less than 1% of the catch 
was greater than 100 mm. Thus, the recruitment index is not likely influenced by older 
individuals measured as YOY fish.
I examined historical data for changes in average length coincident with changes 
in the recruitment index to investigate the occurrence of density-dependent growth in 
YOY striped bass during the last 20 years. From 1988 to 2007, average length of YOY 
striped bass was significantly correlated with the recruitment index providing support for 
the possible occurrence of density-dependent growth (Figure 4). The absence of a 
detectable pattern in the residual plots indicated the appropriateness of the linear 
regression model (Figure 5).
Weakfish
All weakfish collected in August 2007 less than the 150 mm length maximum 
were YOY fish (Figure 6). Although no specimens were collected between 150 mm and 
190 mm in August, three individuals between 190 mm and 240 mm were aged as 1-year 
old fish, as expected. In September, all specimens measuring less than the 1 80 mm 
length threshold value were identified as YOY fish; however, I found five YOY 
individuals between 180 mm and 200 mm. The smallest 1-year old weakfish collected in 
September measured 198 mm. In October, six individuals greater than the 200 mm 
length threshold value were aged as YOY fish; however, overlapping year classes 
occurred at lengths between 190 mm and 200 mm. Percent agreement between readers 
was 100% (Table 3).
Between 1988 and 2007, average length of YOY weakfish was significantly 
correlated with the recruitment index providing support for the possible occurrence of 
density-dependent growth (Figure 7). Residual plots were examined for patterns, and 
Cook’s D statistic was used to assess the influence of potential outliers on the model 
(Figure 8). The Cook’s D statistic identified one observation (89) with a value greater 
than 1, indicating the strong influence of the outlier. However, average length of YOY 
weakfish was still significantly correlated with the recruitment index when the outlier 
was removed (r = - 0.73).
Atlantic croaker
Eight individuals collected during May 2007 were YOY fish, and all were smaller 
than the 135 mm length threshold value (Figure 9). Specimens larger than 140 mm 
collected in May were at least 1-yr old fish. In June, only one individual (143 mm) was
aged as a YOY fish. Two individuals smaller than the 160 mm length threshold value 
were aged as 1-yr old fish. In July, 14 YOY fish were smaller than the 1 80 mm length 
threshold value with lengths ranging from 138-169 mm. Five individuals, ranging in 
length from 169 mm to 180 mm, were 1-year olds with one 2-year old measured at 1 79 
mm. Lastly, for the month of August, only two out of 26 individuals less than 220 mm 
were aged as YOY fish, all others in this si/e class (n = 24) were identified as 1 -year to 3- 
year olds and ranged in lengths between 191 mm and 220 mm. Unlike striped bass and 
weakfish, no relationship was observed between average total length of YOY Atlantic 
croaker and the recruitment index (r = 0.0) thus providing little support for the occurrence 
of density-dependent growth in Atlantic croaker during the past 20 years (Figure 10).
I examined age bias plots for systematic differences between Atlantic croaker age 
assignments among the three readers (Figures 11-13). Bias between readers is indicated 
by the presence of non-overlapping but parallel lines, or increasing departures from the 
edges of the age range (Campana et al. 1995). Although age bias appears to be present 
between reader 1 and the other readers at the upper age range (Figure 11), this is 
attributed to a single fish aged as a 5-year old by reader 1 but aged as a 4-year old by the 
other two readers. There is no evidence for systematic error between reader 2 and the 
other readers (Figure 12); however, there is a slight indication of bias between reader 3 
and readers 1 and 2 (Figure 13). Compared with readers 1 and 2, reader 3 appears to 
assign older ages to younger fish. Reader 3 also appears to assign younger ages to older 
fish relative to reader 2. For Atlantic croaker, percent agreement was high among all 
readers, with an initial percent agreement of at least 86% (Table 3; Figure 14).
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DISCUSSION
This is the first study to use a validated ageing method to verify the 
appropriateness of length threshold values for age designations of specimens collected 
from the VIMS juvenile fin fish surveys. 1 compared fish lengths to ages based on 
transverse-sectioned otoliths to evaluate the length designations currently used to 
partition YOY fish from older individuals for striped bass, weakfish, and Atlantic 
croaker. For the three species collected from the VIMS juvenile tinfish surveys, year- 
class assignments should not be based exclusively on length. For all species collected by 
the surveys, I recommend the use of ageing studies to corroborate length threshold values 
obtained from length frequency analyses.
Using length to demarcate YOY fishes from older individuals can be problematic 
due to annual variations in length-at-age that occur during the early life stages.
Variability in length-at-age results in the potential tor overlapping ages at the lower and 
upper length ranges of a year class. Assigning a conservative length designation value 
will eliminate slow-growing, smaller individuals of the previous year’s cohort from being 
considered as YOY fish at the expense of excluding the fast-growing, larger individuals 
from the current year’s cohort. Therefore, validated ageing methods should be used to 
assign the length designations as the largest length at which no overlap between year 
classes occurs. Of the three species I examined, Atlantic croaker exhibited the greatest 
variability in length-at-age. This is commonly observed among members of the family
Sciaenidae (Jones and Wells 1998; Lowerre-Barbicri ct al. 1996; Finer and Jones 2004) 
and has been attributed to the protracted spawning seasons of these species. Accordingly, 
length is an inadequate predictor of age tor Atlantic croaker, particularly beyond the 
second year (Barbieri ct al. 1994; Nixon and Jones 1997). In this study, 1 encountered a 
substantial amount of overlap in lengths of individuals from different year classes for 
Atlantic croaker which further illustrates the importance of evaluating the length 
threshold values used to differentiate YOY fish from older individuals.
Length threshold values for striped bass should be reassigned to ensure that the 
recruitment index accurately reflects YOY abundance. The current length threshold value 
(150 mm) for striped bass may be about 30 mm too high. However, given that less than 
1 % of the total catch during the index months was between 100-150 mm over the last 
seven years, the inclusion of potential age-1 fish that were classified as YOY has not 
greatly influenced the striped bass recruitment index. The recruitment index for Atlantic 
croaker appears to have been overestimated in recent years because older individuals are 
being counted as YOY fish.
Several recommendations can be made concerning length designations for striped 
bass and Atlantic croaker. The results for weakfish are equivocal; thus, I recommend 
repeating the study and increasing the total sample size for weakfish from 40 (in this 
study) to at least 80. For striped bass, I advise reducing the length threshold to 120 mm. 
Although the current recruitment index for striped bass is not likely influenced by the 
small number of 1-year olds measured as YOY fish, reducing the length threshold value 
will ensure that only YOY fish are included in the recruitment index. For Atlantic 
croaker, length threshold values for the early portion of the index period (May, June)
appear appropriate. However, results indicate that values used for the latter half of the 
index period (July, August) arc too high, allowing for older individuals to be considered 
YOY when clearly most of them are not. Therefore, 1 advise reducing the length 
thresholds to 170mm and 190mm for July and August.
I speculate that the underlying changes in mean length-at-age tor striped bass and 
Atlantic croaker are associated with changes in stock abundance that have occurred since 
the length threshold values were established in the early 1990’s. My hypothesis is based 
on observed increases in population sizes of striped bass and Atlantic croaker over the 
past two decades. Approaching 90,000 metric tons in 2006, estimates of total spawning 
stock biomass for striped bass doubled since 1991 (ASMFC 2008). Estimates of 
spawning stock biomass tor Atlantic croaker increased from 60,000 metric tons in 1991 
to approximately 80,000 metric tons in 2002 (ASMFC 2006). Density-dependent effects, 
mediated by changes in population size, may influence important life-history parameters, 
such as individual growth rates. Increases in abundance of adult fishes and consequently 
increases in abundance of YOY fishes may augment intra-specific competition for 
resources particularly during the early life stages, resulting in slower growth rates and 
smaller lengths-at-age of YOY fish. Consequently, the length at which the first annulus 
is formed can be modified through compensatory growth. 1 speculate that the current 
length designations tor striped bass and possibly Atlantic croaker may no longer be 
appropriate due to the occurrence of density-dependent growth at the juvenile stage 
during the last eighteen years. Although further collections are needed to evaluate the 
length threshold values for weakfish, the results suggest that density-dependent growth 
may also occur in this species. Estimated weakfish spawning stock biomass increased
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from approximately 15 million pounds in 1990 to a maximum of 60 million pounds in 
1998; however, since then, estimated spawning stock biomass has diminished to less than 
10 million pounds in recent years (ASMFC 2006).
Changes in size-at-age relationships have been associated with stock size 
fluctuations for many species including northern rock sole (Lepiclopsetta bilineata) 
(Walters and Wilderbuer 2000), haddock (Melanogrammus aeglefinus) (Marshall and 
Frank 1999), burbot (Lota lota) (Kjellman and Hudd 1996), and juvenile Arcto- 
norwegian cod (Gadus morhua) (Ottersen et al. 2002). Experimental evidence suggests 
that juvenile spot (Leiostomus xanthurus), a member of the Sciaenid family like Atlantic 
croaker, experience density-dependent growth (Craig et al. 2007). An inverse 
relationship was identified between average specimen length and recruitment index for 
striped bass between the years 1988 and 2007 which supports the hypothesis that 
compensatory growth has been occurring during this time period. For Atlantic croaker, 
however, there was no apparent relationship between average length and the recruitment 
index. I cannot discount the possible occurrence of density-dependent growth, however, 
there is little evidence from this study to support it. Because the growth of Atlantic 
croaker is extremely variable to begin with, it may be difficult to distinguish density- 
dependent contributions to growth separately from density-independent effects. For 
example, population outbursts of Atlantic croaker along the east coast of the U.S. have 
been linked to climatic effects, specifically, increased juvenile survival due to wanner 
winter temperatures (Hare and Able 2007). Partitioning out the interactive effects of 
density-dependent and density-independent factors may be difficult for this species. 
Nonetheless, Sinclair et al. (2002) emphasize the importance of considering alternative
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mechanisms, such as size-selective mortality, temperature, and population density, and 
their influence on growth in fish populations. Here, I considered only the effects of 
changes in population size on growth and examined patterns between the relative 
abundance and size of YOY fishes. Additional research is needed to determine how 
environmental variables, such as temperature or river flow, may influence growth of 
YOY fishes, and ultimately, annual year-class strength.
The main limitation of this study was the lack of a sufficient number of samples 
within 5-10 mm of the length threshold values (e.g., weakfish collected in August).
There are two plausible explanations for this. In the early index months, it is possible 
that there are few individuals reaching those lengths that are present in the bay and rivers, 
which is why they were not reflected in the samples. The alternative, and perhaps more 
likely explanation, concerns the collection protocol: individuals in that size range may 
have been captured and measured on board the research vessel but returned to the water 
because specimens within the desirable size range had already been collected from a 
particular region for a given month.
Another minor, yet notable, constraint of this study is the collection of samples 
from only one year class. Ideally, to further substantiate the recommendations for 
reviewing length designation values, sampling should be conducted across year classes.
In light of these limitations, however, this study can be used as a baseline for identifying 
suitable sample sizes and length ranges for future collections.
Length threshold values should be revisited frequently to account for changes that 
may influence length-at-age relationships. I recommend re-examining these values at 
least every 4-5 years when using otoliths to assign age, or as deemed necessary
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depending on discernable changes in stock structure or abundance. If length frequency 
analysis is to be used, then a validated ageing method should also be applied periodically 
to confirm length threshold values.
The results indicate the importance of applying these methods to other species 
collected by the VIMS juvenile finfish surveys for which a recruitment index is 
calculated. Priority should be given to recreationally and commercially important 
species, such as summer flounder, followed by additional members o f the family 
Sciaenidae, such as spot (Leiostomus xanthurus), and silver perch (Bairdiella chrysourd) 
which also exhibit variability in length-at-age. Recruitment indices are critical sources of 
information used to evaluate and predict the response of fish stocks to different levels of 
fishing pressure. Therefore, routine examination of the information used to derive 
recruitment indices is necessary to ensure that the best available scientific information is 
being used to support policy development and management regulations.
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Table 1. Number of specimens collected monthly for striped bass, weakfish, and 
Atlantic croaker and the associated length threshold values for each index month. 
Length threshold values are used to distinguish YOY fish from older individuals.
Species Survey Index months Length 
threshold value 
(mm)
Number of 
specimens 
collected
Striped VIMS July through 150 179
bass seine mid-September
survey
Weakfish VIMS August 150 46
trawl September 180 30
survey October 200 41
Atlantic VIMS May 135 49
croaker trawl June 160 29
survey July 180 48
August 220 41
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Table 2. Percentage of total catch of striped bass between 100 mm and 150 mm from 
2000 to 2007 and mean over the eight years.
Year Percentage of total catch between 
100 mm and 150 mm
2000 0.6
2001 0.4
2002 2.3
2003 0.2
2004 0.4
2005 0.0
2006 0.3
2007 1.1
Mean 0.7
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Table 3. Overall percent agreement between three independent readers for Atlantic 
croaker. Atlantic croaker specimens were collected from May to August of 2007. 
Transverse sectioned otoliths were used for age determination. The total sample size 
was 167 individuals.
Readers Percent
Agreement
n Percent Agreement 
+/- 1 year
3,1 92.2 145 100
3,2 91 154 100
2, 1 86.8 152 100
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September in 2007. Length data are binned in increments of 10 mm, e.g., “160 mm” 
includes fishing ranging in size from 151 mm to 160 mm. Solid black line indicates 
length threshold value for YOY fish.
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Figure 4. Average length of all individual YOY striped bass measured in a sampling 
season plotted against the recruitment index of the same year. Symbols are 
represented by year. Recruitment index values shown here do not match published 
values because the scaling factor (2.28) was not applied to the data. Asterisk indicates 
a significant correlation between average fork length of YOY striped bass and the 
recruitment index.
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Figure 5. Scatterplots of residuals against predicted average length (mm) of YOY 
striped bass.
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Figure 6. Length frequency histograms by month for weakfish collected from 
August to October in 2007. Length data are binned in increments of 10 mm, e.g., 
“160 mm” includes fish ranging in size from 151 mm to 160 mm. Solid black lines 
indicate length threshold values for YOY fish.
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Figure 7. Average length of all individual YOY weakfish measured in a sampling 
season plotted against the recruitment index (RSCI) of the same year. Symbols are 
represented by year. Asterisk indicates a significant correlation between average total 
length of YOY weakfish and the recruitment index.
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Figure 8. Scatterplots of residuals against predicted average length (mm) for YOY 
weakfish.
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Figure 9. Length frequency histograms by month for Atlantic croaker collected from 
May to August in 2007. Length data are binned in increments of 10 mm, e.g., “160 
mm” includes fish ranging in size from 151 mm to 160 mm. Solid black lines 
indicate length threshold values for YOY fish.
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Figure 10. Average total length of individual YOY Atlantic croaker measured each 
year plotted against the recruitment index (RSCI) of the same year. Symbols 
represent year. No relationship was detected between average total length and the 
recruitment index (r = 0).
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Figure 11. Age bias plots for Reader 1 with 95% confidence intervals. The dashed
line represents the one-to-one equivalence line. Atlantic croaker specimens were
collected from May to August of 2007 by the VIMS trawl survey.
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Figure 12. Age bias plots for Reader 2 with 95% confidence intervals. The dashed
line represents the one-to-one equivalence line. Atlantic croaker specimens were
collected from May to August of 2007 by the VIMS trawl survey.
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Figure 13. Age bias plots for Reader 3 with 95% confidence intervals. The dashed
line represents the one-to-one equivalence line. Atlantic croaker specimens were
collected from May to August of 2007 by the VIMS trawl survey.
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Figure 14. Frequency o f agreement between three independent readers for Atlantic 
croaker assigned ages. Atlantic croaker specimens were collected from May to 
August of 2007 by the VIMS trawl survey.
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Appendix la. Composite length frequencies by month for weakfish, VIMS trawl 
survey data base, 1955-1990 (Colvocorcsses and Geer 1991).
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Appendix lb. Length designation values used to separate young-of-ycar weakfish
from older cohorts (Colvocoresses and Geer 1991).
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Appendix lc. Composite length frequencies by month for Atlantic croaker, VIMS 
trawl survey data base, 1955-1990 (Colvocoresses and Geer 1991). Index months 
include May through August.
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Appendix Id. Length designation values used to separate young-of-year Atlantic
croaker from older year cohorts (Colvocoresses and Geer 1991).
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